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A triangle of opportunity
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Search using
atmospheric neutrinos

cosmic rays
SM BSM

atmospheric muon neyfrinos

N
tau neutrino

Icube

And decays:

va o

Coloma, Machado, Martinez-Soler & Shoemaker Phys. Rev. Lett. 119, 201804 (2017)




Signature is like a low-energy
double bang

N O
-“'"'-"

O O O

Coloma, Machado, Martinez-Soler & Shoemaker Phys. Rev. Lett. 119, 201804 (2017)

Signature also produced by TMM. See ref. above and Magill (1803.03262), Brdar (2007.15563), Vergani (2105.06470), ...




Search for HNLs

(O — Y
DELPHI :
10—2_ ‘\‘
: < -
. - CHARM | ~ DeepCore :
<t i \\\ L .
SR S - only d
C ' .
|
1074k '
Icecube
T | . \ \ . f o0 a1
107! 1
my (GeV)

Coloma et al Phys. Rev. Lett. 119, 201804 (2017)



Prospects in
other experiments

Nice complementarity between
natural and anthropogenic neutrino sources!

DUNE SK HK

1005'-;, . kR’ Rk

| " Atmospheric . '

.. Atmospheric |

|UT4|2

: omina ‘ T2HK
DELPHI\ |{ | DELPHI\ | 1

CHARM CHARM

107 CHARM pELpHIN || |

10754

01 10  _w' " 100° 10t 10
my(GeV) my(GeV) my(GeV)

*Contours represent one HNL event

Atkinson et al arXiv:2105.09357
see also Coloma et al 2007.03701 for non-double-bang event estimations




Prospects in
other experiments

Nice complementarity between
natural and anthropogenic neutrino sources!
DUNE SK HK

10%F—

What about backgrounds?

1074 N DELPHI\|{ | N DELPH—E CHAR'M L)J:‘LPH-g

it CHARM

(T
my(GeV) my(GeV) my(GeV)

*Contours represent one HNL event

Atkinson et al arXiv:2105.09357
see also Coloma et al 2007.03701 for non-double-bang event estimations 9
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Signature in IceCube

D. Vannerom PANIC2021



Reconstruction Performance

E

vr NC up-scattering events .

- |
4
................ ..,.
Vv, /."
) :

|
o

25% correlation m

350

300
é 250 L 10—9
) —_
z T 0
£ 200 S
Z ' 10~ % vr NC up-scattering events
+ 150 = 103
s y
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10713
108
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True distance (m) 8
= 10-11
()
Reconstruction of low-energy 2 10 101
double cascades is challenging. o
Distance resolution is poor due to 10
two scenarios: contained and 10, %
unconfined double cascades. True E;
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Signal vs background

IceCube work
in progress

S (train)
Bl B (train)
¢ S (test)
¢ B (test)

le—6

—-0.6 —0.4
BDT output

-1.0 -0.8

For |U,| = 107" S/4/B ~ 5 x 10™° at BDT = -0.2
D. Vannerom PANIC2021
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Signal strength upper limit (90% CLs)

I VEBR)
1B

Estimated Sensitivity

108
-== expected limit (median)

[Uzs|?=10""

expected limit (+/- 2 sig)
B expected limit (+/- 1 sig)

IceCube work
in progress

10°
HNL mass (GeV)

D. Vannerom PANIC2021

Current sensitivity
Is not as good as
expected due to

large backgrounds.
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But, there Is hope!
The IceCube-Upgrade

______________ 1000m
= - Tk
I’I ® ...: 'l‘
5' . ° . " ‘E $ 5 /:/ -. i wmn
TG 5 P e Improved sensitivity
e ©
. il to low-energy
. ) r neutrinos and ice
N 17m . .
P h characterization.
““““““““““““ 3m
S
9 N, ®
lceCube DeepCore  Upgrade ;jgg$ ;lgg: ;E—gm
Instrumented Depth

Summer Blot Neutrino2020 14




Improved light-collection for
low-energy events

N DeepCore g

.-

Detected light

VBRI
168

Summer Blot Neutrino2020

*DeepCore (shown on the left) is the current low-energy extension of lceCube
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Recent constraints from ArgoNeuT

*Diagrams not to scale 1 = | J E|
R = (bserved i
MINOS-ND : — == Expected & 1o ]
ArgoNeuT ut 1071 =
--------- e — Z DELPHI
oo o 1072 =
=z f :
= C |
MINOS-ND =
ArgoNeuT 107 - QE: E
N T - < s
--------- . —————————————— : m N - :
w 10"4:—\Q —
s ArgoNeuT 1.25 x 10% POT:
: Uen|? = |U,ue[? = 0
MINERVA MINOS-ND 10-5 | | |
ArgoNeuT . 0.2 0.3 04 0.6 1 2
N B B my |GeV]
63 cm 4
< 210 om >  HNLs are produced in the NuMI target.
* 120 GeV protons producing D/Ds, which can decay to
taus subsequently producing HNLs
«Search focusedon N — vu™u~
Iz, ArgoNeuT Collaboration arXiv:2106.13684
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Why does the CHARM bound stop
abruptly?

T T
\I -

107 T

DELPHI -

~ CHARM T J ~ DeepCore ‘\ '
~ - . . 1
~ v '

E 10_3 = | T . Only ‘| =

Icecube

I A—
my (GeV)

Adapted from Coloma et al Phys. Rev. Lett. 119, 201804 (2017)




Why does the CHARM bound stop
abruptly?

107'F | | 3
DELPHI
107k -
B . |
L N CHARM o ~ DeepCore
S0 e only i

10—4__ / \ i
Icecube :
?°?07°? ;

- D, — N
— o

where is the contribution
my (GeV) from tau decays?

Adapted from Coloma et al Phys. Rev. Lett. 119, 201804 (2017)
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- Boiarska et al arXiv:2107.14685

 Authors revisited the HNL
flux prediction

« Added contribution from
tau decay.

 Opportunity triangle gone.
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Boiarska et al arXiv:2107.14685

« Added contribution from
tau decay.
 Opportunity triangle gone.

20



Outline

® The odyssey of HNL tau searches
® Three, four, or more neutrinos
® A search for misbehaving neutrinos
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The short-baseline anomalies have
motivated searches for more neutrinos

LSND

Beam Excess

04 06 08

1 12 14
L/E, (meters/MeV)

These experiments observe v,
appearance at L/E ~ 1 km/GeV!

This points to
Am?2~1eV?2

We will hear exciting
news about this later
today at the
FNAL Wine &
Cheese!!!
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The short-baseline anomalies have
motivated searches for more neutrinos

LSND

. F s These experiments observe v,
N 10 appearance at L/E ~ 1 km/GeV!

But ... what about heavier neutrinos
that do not appear through
osclillations, but can be produced
Kinematically ..

-

Min

today at the
R | . : FNAL Wine &
A Cheesel!!

IVEBIR)
1A
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A broad net: testing unitarity

Parke & Ross-Lonergan arXiv:1508.05095
See talk by S. Parke earlier this week!

2015

v T LN I B B ML LA LI LA LA
Al '; 1 Vel w/o Unitarity
! 17T (All data)
s ™~ H H H . .
. : [ © With Unitarity Normalisations
X [} (A" data) 9 T II T T T LI A B | I 30
4 i - Rows
': - w/o Unitarity — a=e
' r (No normalisation 1 —_— o=
' or sterile data) K
TR} L1 PR | PRI (T W TR T N T T 1 — X =T
N B - T 64 Columns
j |Uu2| - 45=1
% -- =2
‘.‘. X
I I > SO AN Y B A Y S 2%
3
1
LI I e B e P L L L U R lo
o) S——— === 1
- 1072 107 0.5
2 2 2 2 2 2
I=(JUyl” +|Usl” +|Uysl")  or  1=(JU,[" +|U,I" +|U,[7)
. Rows Columns
1
0.8

Conclusion: we need to study the tau row!
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https://arxiv.org/abs/1508.05095

A broad net: testing unitarity

U |? U 10 X |Ues|®

Ei.lﬂ L 2020!

Ual” Vel Ul
] i E Conclusion remains
9 s i the same:
g j I : \~ we need to study
nf - T the tau row

0 0.25 0.5 ) 0.75 10 0.25 0.5 ) 0.75 10 0.25 0.5 ) 0.75 1
|Ua1| |Ua2| |Ua3|

Ellis et al 2008.01088

§VE[BR
B o3 See also Gouvéa et al 1904.07265 for DUNE insight

brAs)



https://arxiv.org/abs/2008.01088
https://arxiv.org/abs/1904.07265

A broad net: testing unitarity

2021 1 Addition of tau appearance measurements with
- atmospheric neutrinos has a significant impact!

Denton & Gehrlein arXiv:2109.14575

9 ——T— T
— All
8 - —— IC Astro [
—— Atm v, dis
Tr— Atm v, app
g | — cBvNs
—— DONUT
~ 5 | —— OPERA
< Solar NC
<] 4 r Ve + v, only
31 i ‘
2 N +
1r 4,49 \\
O _ . \__— . current 7 - _‘\ /lJ . \—— |
00 01 02 03 04 0.5 00 0.1 02 03 04 05 06 0001 02 03 04 05 0.6 0.7 0.8
|U7'1| |U7'2| |U7'3|
9 :
 —— DeepCore 3 yr (10’) ] : E:;; : ;l:‘:::t
~ IceCube Upgrade I '
IceCube Work in Progress 1 yr sensitivity (10) 7
- . 6r
S OPERA (10) N><5 I
<yt
e —— SuperK (10) N
0.0 0.5 1.0 1.5 |
Ny,
1 L
315 A. Ishihara for IceCube 1908.09441 e = 10

& See talk by Jason Koskinen 1= (|Unl? + [Unf? + |Uns?)



How can IceCube tau appearance test
unitarity?

Naively low-energy electron- and tau-neutrinos are
morphologically indistinguishable

Denton & Gehrlein arXiv:2109.14575

Three important elements:

* Well-known cross sections for
all neutrino flavors (DIS
dominated, see Jason
Koskinen back-up slides!)

« Energy distribution of =
cascades produced by taus is gf@

shifted to lower energies.

 Tau-induced event rate are
affected by well-defined
cross-section threshold

T. Stanev PRL (1999)
P. Denton arXiv:2109.14576
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® A search for misbehaving neutrinos
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Are there new neutrino
inte ra CtionS? Non-standard neutrino interactions

Lnst = —2V2Gr Y eld (v Povg)(fyuPf)

lceCube arXiv:2106.07755 f,P,a,B
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Measurements using
lceCube-DeepCore

cascade-like events

IceCube arXiv:2106.07755

1500 _: [5.62,7.5] GeV _ [10,13.3] (;cvl 1| 078237 Gev ] 816.42.2] Gev 1 [56:2,100] GeV
o] T ] :
L Trnen BT | =k
] { = ey =0.050 :
15, =030
4 | data
0 —

Z track-like events d )

g Super-K 2011 (2d) H8 COHERENT 2018 (e;5 = €45) 8 IC DC 2020 (public)
_ _| [5.62,7.5] CeV ] [10,13.3 GeV 178,237 CGev | _| [31.6,42.2] GeV , i ‘ . .
=, 1000 — Bl MINOS 2013 W global 2018 (w/ correl.) Bl IC DC 2021 (this analysis)

~Em C 2017 (public) mm IC DC 2018 b0 = 0°,180°
o o , e
00 ) - 10" _ j
500 ...a—-h ==y IGE — 10 1 g
1 1 | S Q 1 E
‘tp 10 ;
. S -2 107%
—1 0-—-1 0-—1 0 -1 '_8 0
co8(Vreco) = 0 - 0 -
O
Th flceC = 10 >
* Three years of lceCube- ~1072 -
o
_1 .
DeepCore data were = 10 :
D 101 A
analyzed. 10" 10 j
* No significant evidence for I i
NSI. Cew  Cer Cpr

 Constraints dominate over
many of the NSI parameters.
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lIm(g,c)| = 3e-3

What about IceCube high-energy
NSI searches?

log(Ef“e / GeV)

NSI/SM v, Flux Ratlo (Normal Hierarchy)

IceCube Preliminary

-0.8 —-0.6 —0.4 —0.2 0.0
COS(GUue)
RE(EuT) = -38-3

Onsi/ Psm

| ~0.8 0.6 —0.4 —02 00
Cos(enue)

G. Parker NUFACT2021

At high-energies
signature
predominantly a
change in the zenith
distribution.

No interference/
dependence on
standard oscillation
parameters.
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What about IceCube high-energy
NSI searches?

Analysis Sensitivity vs Previous Results

AR ¥ ¥ 13 90% CL Sensitivity
Jde=dl 11l === This Analysis
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T S Tl —— 30%Cl (Real Oniy)
'II E ii i E\\i\ |9C08°/6 QE|R201I7t * USG same event
] I = B \\ mters sl OR[) selection as
I .
0.011 E EE i E E ‘\‘ SK 90% CL Result | recent eight year
: oo L — Reaion) sterile neutrino
I
i : i ii E E i IlI (TS 2021 search.
W s
— 0.007¢ A O v ¥ [ [ —— 90% CL Result L
£ ', Lo i £ (1§  (Unpublished) * Significant
! : . :
SRR mproverent i
~0.01 1 AT R sensitivity!
“ i 1 111
b %
: oo LA « Stay tuned for
\ i " ! |,'|
-0.02{ % | I L results!
\ 1 L 71 1|1
e | n .= 1 1
b i L —
Lo lceCube Preliminary
-0.02 -0.01 0.00 0.01 0.02 0.03
Re (&u1)

Gri
G. Parker NUFACT2021
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Take home message

“*Searching for new physics with tau neutrinos is
challenging, but exciting.

“*Recent constraints on HNLs mixing with taus close the
“opportunity triangle.” Background estimations critical
for these searches.

“*Tau appearance measurements with atmospheric and
astrophysical neutrinos significantly improve
constraints on tau row unitarity tests.

“*Searches for NSI with mu-tau element among the
strongest. New results soon!

May your physics be

Q‘ | ) BSM!



you!
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Gninenko 1107.0279
Magill et al 1803.03262
Heavy neutrino O(MeV), magnetic moment, decay

Bertuzzo et al 1807.09877, Ballett et al 1808.02916,
CA, Hostert, Tsai et al 1812.08768
Heavy neutrino O(1-100MeV), light Z', decay

Bai et al 1512.05357

Dentler et al 1911.01427,
de Gouvea et al 1911.01447,
Hostert & Pospelov 2008.11851

Heavy O(100MeV) decay to v,

Fisher et al 1909.0956,
CA, Foppiani, Hostert 2109.03831

Heavy O(100MeV) decay to photon

103 100¢
1BY

Assadi etal 1712.08019
Resonant matter effect

Moss et al 1711.05921, Moulai et al 1910.13456
Steriles +decay

Liao et al 1810.01000
Steriles + NCNSI + CCNSI

S. Vergani et al arXiv:2105.06470
Light Sterile + Heavy neutrino O(100MeV),
magnetic moment

> 4

LN\
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IceCube Hints

100
“*Best fit: 10
Am: =4.475°eV? | —
in’(20,)=0.10%10 | B,
< Sterile neutrino “§
hypothesis is <
preferred to null 0.1
“*Null is rejected at
8% p-value

S N W s Ot OO N 00 ©

0-8%01 0.01 0.1
Sin2(2924)

brAs)
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Event distribution (data) and
best-fit shape (Monte Carlo)

» Best-fit shape effect is in a low-statistics regime
¢ Hard to see by eye in the data

+» But the result does not seem to be a statistical fluctuation
% Consistent year-to-year
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SEEREIERE] - E - - R B 165 3
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cos(6,)

IceCube@Antartica

Talk by A. Trettin@PANIC2021

‘ bb H -
¢ Low energles. 5 - 150 GeV 1 all contours 90% C.L., dashed lines imply 6,4 =0
. . - - ——— ANT (2019) -== |C(2017), NO = this work (sensitivity)
100 muon neutrino survival probability L0 ~~= ANT,64=0  =--- SK(2015), NO === this work, 624 =0
) . 10° - ~== NOVA (2017) === IC(2020)
0.75 qc)‘!.
0.8 N
0.50 o
(&)
0.25 . =
0.6 3 f,g 10-1 -
0.00 T \
- I \
-0.25 0.4 & ~ |
§ ;
~0.50 = -'
0.2 5 :
-0.75 107+ |
|
I
-1.00 |
10° 10} 102 10° 10* v i v —
energy (GeV) 103 102 1071

> very fast, unresolvable oscillations + distortion

~ lceCube: World-leading limits on |U,4|2 and |U,,4|2!

Projected sensitivity of sterile search with 8 years of DeepCore data

IceCube will continue improving muon neutrino disappearance searches.
“Low energy” sample (<100 GeV) still not studied.

See talk by K. Leonard DeHolton@nuFACT for more details
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How does the IceCube analysis work?

101 = | llllllll T T T
We measure two things: - -
- length (direction) o107 4 =
- energy - - ! -
We extract two parameters: 5 107 =
- squared mass difference e E ol
- mixing angle 1072 10 10°
foeune ”" sin” 20,
10’ Amj = 0.03eV? ~
0.9 ~
.
63 10 gg
< 3
Eﬁ 10° %
n
10° =

10" 4 10° :
-1.0-0.8-0.6-0.4-0.2 0.0 0.2 —1.0-0.8-0.6—0.4—-0.2 0.0 0.2 —1.0-0.8-0.6—0.4—0.2 0.0 0.2

true true true
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EFFoY [GeV]

Example signatures in analysis

observables
1 100
= -®
T
=l 5
g
4
10% 0.1
@ IceCube Simulation
~1.00 —075 —050 —025 0.0C 0.9 61 01 1
cos(67°) sin?(20)

IlceCube Simulation

—-1.00 —0.75 —0.50 —0.25 0.00
gos{ 057%)

lceCube Simulation

—1.00 —=0.75 —0.50 —0.25

cos(6°<°)

0.00

=
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DO

(N

S

Expected Signal Shape [%]
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Non-Minimal HNL: di-electron scenario

E. Bertuzzo et al., PhysRevLett.121.241801
P. Ballett, M. Ross-Lonergan, S. Pascoli,
PhysRevD.99.071701

A. Abdullahi, M. Hostert, S. Pascoli,
arXiv:2007.11813
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.241801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.071701
https://arxiv.org/abs/2007.11813

Non-Minimal HNL: di-electron scenario

E. Bertuzzo et al., PhysRevLett.121.241801  A. Abdullahi, M. Hostert, S. Pascoli, P. Ballett, M. Ross-Lonergan, S. Pascoli,
arXiv:2007.11813 PhysRevD.99.071701

== Benchmark point marker
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Good fit to the energy and angular distribution. 43


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.241801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.071701
https://arxiv.org/abs/2007.11813

Non-Minimal HNL: di-electron scenario

1500 - i MINERvA ME Background CA, M. Hostert, Y. Tsai, PhysRevLett. 123, 261801 (2019)
m !:’ v—e mz =30 MeV, ae? =2 x 10~°, ap = 1/4
S 1000 - [ NP = 4240 1072 S S -
R\
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. ' i
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5 10 15 20 1073 - !
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< |
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Non-Standard Matter Effects
(3+1+NSI)

J. Liao et al

A. Esmaili et al https://arxiv.org/abs/1810.11940
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Non-Minimal HNL: photon scenario
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Non-Minimal HNL: photon scenario
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